An electrochemical study of hydroxide-and methoxide-ligated iron(II) tetraphenylporphyrins possessing ortho-phenyl substituents that block ,L-oxo dimer formation has been carried out. Ligation by these strongly basic oxyanions promotes the formation of iron(IV)-oxo porphyrins upon one-electron oxidation. Further one-electron oxidation of the latter provides the iron(IV)-oxo porphyrin ir-cation radical. (6), Mossbauer (7), ESR (8), and electron nuclear double resonance (ENDOR) (9) spectral data, compound I has been assigned the structure of a low-spin oxo-ligated iron(IV) porphyrin ir-cation radical. This same entity is suggested to serve as the oxygen transfer agent formed at the active site of the cytochrome P-450 enzymes (10, 11). One-electron reduction of the ir-cation radical of compound I results in the formation of an iron(IV)-oxo species termed compound 11 (12). Interestingly, compounds I and II of the peroxidases exhibit almost identical redox potentials (13).
iron(III) porphyrin moiety of the peroxidases undergoes a two-electron oxidation upon reaction with hydrogen peroxide, alkyl hydroperoxides (3), or peroxycarboxylic acids (4) to yield an intermediate known as compound I (5) . On the basis of visible (6) , Mossbauer (7) , ESR (8) , and electron nuclear double resonance (ENDOR) (9) spectral data, compound I has been assigned the structure of a low-spin oxo-ligated iron(IV) porphyrin ir-cation radical. This same entity is suggested to serve as the oxygen transfer agent formed at the active site of the cytochrome P-450 enzymes (10, 11) . One-electron reduction of the ir-cation radical of compound I results in the formation of an iron(IV)-oxo species termed compound 11 (12) . Interestingly, compounds I and II of the peroxidases exhibit almost identical redox potentials (13) .
Only a few well-characterized model analogs of compounds I and II exist. These iron(IV) porphyrins have all been generated chemically at low temperatures. Until now, an iron(IV)-oxo porphyrin species has not been generated electrochemically. In the cyclic voltammogram of simple iron porphyrins, anodic sweeps beyond the iron(II)/iron(III) couple yield two reversible one-electron oxidation waves (32) . Originally it was proposed that the first wave pertained to the iron(III)/iron(IV) couple and the second wave was due to porphyrin 1r-cation radical formation (14, 15) . This was shown to be incorrect in a report (16) which demonstrated that the redox potential of the first oxidation was independent of the many axial ligands employed (16) and that the physical properties of the oxidized species were consistent with an iron(III) porphyrin ir-cation radical structure (17) . The second wave was attributed to an iron(III) porphyrin dication.
In the literature, there is no mention of electrochemical investigations involving HO-, CH30-, etc. ligated iron porphyrins. This does not of course indicate an oversight (17) but simply reflects the instability, due to ,u-oxo dimer formation, of oxo-ligated iron(III) porphyrins. The inability to electrochemically generate a compound I or compound II analog could be due to the importance of oxo ligation to the stabilization of high-valent iron porphyrin species. It is well established that metals in their higher-valent oxidation states are generally stabilized by oxo ligation (18) . Using sterically hindered porphyrins that are capable of hydroxide ligation, we have now been able to observe the electrochemical generation ofiron(IV)-oxo porphyrin species. In addition, the similarity of the iron(IV)-oxo and the porphyrin ir-cation redox potentials provides a rationale for the redox potentials of compounds I and II of the peroxidases. In the present study we describe the electrochemistry of porphyrins 1 to 5 when ligated to Cl-, HO-, and CH30 and discuss these results as they relate to studies involving the chemical generation of oxo-ligated higher-valent iron porphyrins.
MATERIALS AND METHODS
Reagents. Dichloromethane, used as the solvent for the electrochemical studies, was obtained from Burdick and Jackson (Muskegon, MI) as their "distilled-in-glass" grade. Tetrabutylammonium perchlorate from G. Fredrick Smith was used as the supporting electrolyte. Argon (Linde Gas, Danbury, CT) that had been passed through an Oxiclear Gas Purifier (Labclear) was used to provide an inert atmosphere for the electrochemical experiments.
The porphyrins used in this investigation were as follows: 5,10,15,20-tetraphenylporphyrin (1); 5,10,15,20-tetra(2,4,6-trimethylphenyl)porphyrin (2); 5,10,15,20-tetra(2,6-dimethylphenyl)porphyrin (3); 5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin (4); 5,10,15,20-tetra(2,6-difluorophenyl)porphyrin (5) . 5,10,15,20-Tetraphenylporphyrin was purchased from Aldrich. Literature procedures were followed in the synthesis of porphyrins 2 (19), 3 (20) , and 5 (21); porphyrin 4 was synthesized by T. C. Woon, using procedures that will be described elsewhere. The iron was inserted into the porphyrins by refluxing with ferrous chloride in dimethylformamide (22) . After work-up the iron porphyrins were purified by column chromatography on silica gel, eluting with CHC13/CH30H (95:5, vol/vol). The 
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Instrumentation. A three-electrode potentiostat (Bioanalytical Systems model CV-27 voltammograph) was used for the cyclic voltammetry and controlled-potential electrolysis experiments. Cyclic voltammograms were recorded on a Houston Instruments model 100 x-y recorder. The scans were initiated at the rest potential of each solution. The electrochemical cells were equipped with a Bioanalytical Systems-platinum-inlay electrode, a platinum-flag auxiliary electrode that was separated from the main compartment by a medium glass frit, and an Ag/AgCl reference electrode filled with aqueous tetramethylammonium chloride and adjusted to 0.00 V vs. saturated calomel electrode. The reference electrode was placed in a Luggin capillary. For controlled-potential electrolysis, a platinum-mesh working electrode was employed. Visible and ultraviolet spectra were recorded on Perkin-Elmer 553 and Cary 15 spectrophotometers.
RESULTS
Electrochemical studies have been carried out on the iron(III) prophyrin salts 1-X, 2-X, 3-X, 4-X, and 5-X (Fig. 1 of the redox couples. The redox potentials obtained by cyclic voltammetry for the iron(III) porphyrin salts used in this study are listed in Table 1 . All potentials are relative to the saturated calomel electrode.
Controlled-potential coulometry of the hydroxide and methoxide salts of the iron(III) porphyrins shows that both the first and the second oxidations are one-electron processes. At room temperature, no stable one-electron oxidation product was detectable. Instead, spectro-electrochemical experiments show that 2-OH is converted to 2-Cl by the removal of one electron at room temperature. The changes in the visible spectrum are shown in Fig. 3 Fig. 4 , results in a cyclic voltammogram identical to the it-oxo dimer of 1. Controlled-potential coulometry on the first oxidation peak of 1-OCH3 resulted in the removal of0.5 electron per equivalent ofiron porphyrin and the formation of the porphyrin ir-cation radical of the 1L-oxo dimer as the sole oxidation product (Fig. 4, trace B by NaOCH3 addition to the 7r-cation radical of 2-Cl has a Xmax at 545 nm with a shoulder at 575 nm as reported (25) for a similar species generated chemically. 
DISCUSSION
It is known that the one-electron oxidation of iron(III) porphyrins when ligated to Cl-, ClIO, etc. results in a porphyrin-centered oxidation and not a metal-centered oxidation (17) . Extensive physical characterization of the oneelectron oxidation product suggests it is best formulated as an iron(III) porphyrin ir-cation radical. This is in contrast to the well-characterized iron(IV) structure of the peroxidase intermediates (6-9). Considering their biological significance and their importance as synthetic oxygen-transfer catalysts, very few examples of iron(IV)-oxo porphyrins are known. Those examples that do exist have all been generated chemically in oxygen-transfer experiments. An iron(IV) porphyrin ir-cation radical has been isolated and characterized in the reaction of m-chloroperoxybenzoic acid or iodosylbenzene with 2-Cl at low temperature (26) . Oxygenation of iron(II) porphyrins at low temperature results in a tk-peroxo dimer species, which decomposes to a monomeric iron(IV)-oxo porphyrin species upon addition of imidazole (27) . More recently it has been shown that the iron(III) porphyrin ir-cation radical could be converted to the iron(IV) porphyrin by axial substitution of two methoxide anions for two perchlorate anions (25) .
It has long been recognized that hard ligands tend to stabilize high-valent metal species (18) . Attempts to form hydroxide-ligated iron(III) porphyrins results in the formation of very stable u-oxo iron(III) porphyrin dimers (29) . Electrochemical oxidation of the pu-oxo dimer shows only porphyrin-centered oxidations (30) . We have prepared a series ofiron(III) tetraphenylporphyrin derivatives (Fig. 1) in which substitution at the ortho positions of the phenyl groups effectively prevents At-oxo dimer formation. This has allowed the preparation of stable hydroxide-ligated species (23) as well as the chloride-and methoxide-ligated analogs.
Ligation of hydroxide or methoxide results in a previously unseen one-electron oxidation wave that is anodic to the iron(II)/iron(III) couple observed with chloride as a ligand. This observation is general for all of the octa-orthosubstituted porphyrins (i.e., 2 to 5). We suggest that this new oxidation wave is consistent with the presence of an iron(III)/iron(IV) couple. This being so, oxo ligation has changed the chemistry of one-electron oxidation of the iron(III) porphyrin from porphyrin-centered to metalcentered. This is most certainly due to the increased stability ofhigh-valent metals when bound to highly basic oxo ligands. The reactivity of the iron(IV)-oxo species generated electrochemically is very similar to that reported for the iron(IV)-oxo species produced chemically (25) (26) (27) (28) . The decomposition of the iron(IV)-oxo porphyrin at temperatures above -50'C shows that it is more chemically reactive than the iron(III) porphyrin ir-cation radical, even though the redox potential of the latter is more positive. We have also demonstrated that the iron(IV) porphyrin generated from the porphyrin ir-cation radical of 2-C1 by exchange of methoxide for chloride exhibits a cyclic voltammogram identical to that obtained directly by the electrochemical oxidation of2-OCH3 (Eqs. 1 and 2, in which P = porphyrin).
PFe"'-OCH3 i PFelv-OCH3 (Table 1) reflects the electronic nature ofthe substituents on the phenyl moieties of the iron meso-tetraphenylporphyrins 2 to 5. For 4 and 5 the iron(IV)-oxo potentials are shifted anodically 0.25 V and 0.37 V relative to 2-OH, while the second porphyrin oxidation of5 is anodic ofthe solvent window (ca. 1.8 V). The similar potentials for the hydroxide-and methoxide-ligated compounds (2 to 5) indicate that both oxo ligands confer comparable stabilization to the iron(IV) species. Interestingly, the first oxidation peak for 1-OCH3 is consistent with the formation of an iron(IV) species. The corresponding reduction is not reversible and a new peak is observed cathodic of the porphyrin iT-cation reduction. A second repetitive scan results in the cyclic voltammogram of the ,i-oxo dimer of 1 (Fig. 4) . This suggests that reduction of the oxidized species of 1-OCH3 results in a hydroxide ligand exchange followed by subsequent pu-oxo dimer formation.
Dimerization and ligand exchange are required to be fast since scan rates of up to 500 mV/sec have no effect on the appearance of the A-oxo dimer reduction wave. 
